Abstract | Type IV secretion systems (T4SSs) are versatile secretion systems that are found in both Gram-negative and Gram-positive bacteria and secrete a wide range of substrates, from single proteins to protein-protein and protein-DNA complexes. They usually consist of 12 components that are organized into ATP-powered, double-membrane-spanning complexes. The structures of single soluble components or domains have been solved, but an understanding of how these structures come together has only recently begun to emerge. This Review focuses on the structural advances that have been made over the past 10 years and how the corresponding structural insights have helped to elucidate many of the details of the mechanism of type IV secretion.
In all living organisms, secretion systems mediate the passage of macromolecules across cellular membranes. In bacteria, secretion is essential for virulence and survival. Gram-negative bacteria use specialized envelopespanning multiprotein complexes to secrete macromolecules
. Among these secretion systems, type IV secretion systems (T4SSs) are exceptionally versatile: unlike most secretion systems, T4SSs are found in both Gram-negative and Gram-positive bacteria and, at least in Gram-negative bacteria, they mediate the secretion of monomeric proteins, multisubunit protein toxins and nucleoprotein complexes.
Depending on function, three groups can be defined within the T4SS family (FIG. 1) . First, T4SSs can mediate the conjugative transfer of plasmid DNA or transposons into a wide range of bacterial species [1] [2] [3] . At least two Gram-negative species, Escherichia coli and Agrobacterium tumefaciens, can deliver DNA substrates into fungal, plant or human cells [4] [5] [6] . Conjugation promotes bacterial genome plasticity and the adaptive response of bacteria to changes in the environment. In particular, conjugation contributes to the spread of antibiotic resistance genes among pathogenic bacteria, leading to the emergence of multidrug-resistant pathogenic strains in health care settings. Second, in some Gram-negative bacteria, such as Helicobacter pylori and Neisseria gonorrhoeae, T4SSs mediate DNA uptake from and release into the extracellular milieu, further promoting genetic exchange 7, 8 . Third, T4SSs deliver effector macromolecules into eukaryotic cells during the course of infection. For example, in pathogenic Gram-negative bacteria, including H. pylori, Brucella suis and Legionella pneumophila, T4SSs mediate the injection of virulence proteins into mammalian host cells [9] [10] [11] . In A. tumefaciens, the VirB/D T4SS delivers oncogenic DNA and proteins into plant cells, and Bordetella pertussis uses a T4SS to secrete pertussis toxin into the extracellular milieu. Sometimes, a single bacterial genome can encode multiple T4SSs: in H. pylori, for example, an effector protein delivery system (encoded by the cag pathogenicity island) coexists with a DNA release and uptake system (encoded by the comB gene cluster) 7, 10 . Despite the wide diversity of their substrates and functions, all T4SSs are evolutionarily related 12, 13 . They share several components and probably function in a similar manner. The genes encoding the T4SS components are usually arranged in a single or a few operons. Although variations exist, many of the T4SSs found in Gram-negative bacteria are similar to the A. tumefaciens VirB/D T4SS, which comprises 12 proteins, named VirB1 to VirB11 and VirD4. T4SSs that have additional or missing components seem to have retained a core VirB/D-like subcomplex.
In general (but not always), T4SSs include an extracellular pilus that is composed of a major (VirB2) and a minor (VirB5) subunit. Three ATPases, VirB4, VirB11 and VirD4, power substrate secretion and possibly assist in the assembly of the system. Biochemical and functional data suggest that the inner membrane channel is composed of the polytopic membrane protein VirB6 and the bitopic membrane proteins VirB8 and VirB10. At the outer membrane, the composition of the pore that allows the substrate to reach the extracellular milieu is Box 1 | Schematic overview of the major protein secretion systems in Gram-negative bacteria Type i secretion Type I secretion systems (T1SSs), exemplified by the haemolysin secretion system in Escherichia coli (see the figure), are simple, tripartite systems facilitating the passage of proteins of various sizes across the cell envelope of Gram-negative bacteria. They consist of an ATP-binding cassette (ABC) transporter or a proton-antiporter, an adaptor protein that bridges the inner membrane (IM) and outer membrane (OM), and an outer membrane pore. They secrete substrates in a single step without a stable periplasmic intermediate 115 . T1SSs are involved in the secretion of cytotoxins belonging to the RTX (repeats-in-toxin) protein family, cell surface layer proteins, proteases, lipases, bacteriocins and haem-acquisition proteins (reviewed in REF. 116 ).
Type ii secretion
Type II secretion systems (T2SSs) are multicomponent machines that use a two-step mechanism for translocation. During the first step, the precursor effector protein is translocated through the inner membrane by the Sec translocon 117 or the Tat pathway 118 . Once in the periplasm, the effector protein is translocated by the T2SS through the outer membrane. The T2SS translocon consists of 12-16 protein components 114 that are found in both bacterial membranes, the cytoplasm and the periplasm. As an example, the general secretion pathway (Gsp) system is shown (see the figure) . The T2SS shows an evolutionary relationship with the type IV pilus assembly machinery 119, 120 .
Type iii secretion
Type III secretion systems (T3SSs), also called injectisomes, mediate a single-step secretion mechanism and are used by many plant and animal pathogens, including Salmonella spp., Shigella spp., Yersinia spp., enteropathogenic and enterohaemorrhagic Escherichia coli and Pseudomonas aeruginosa. The T3SS is illustrated by the Salmonella enterica subsp. enterica serovar Typhimurium system, which uses the invasion (Inv) and Prg proteins (see the figure). T3SSs deliver effector proteins into the eukaryotic host cell cytoplasm in a Sec-independent manner 121 . T3SSs are genetically, structurally and functionally related to bacterial flagella 121 . They are composed of more than 20 different proteins, which form a large supramolecular structure crossing the bacterial cell envelope 121, 122 .
Type iV secretion
Type IV secretion systems are versatile systems that are found in Gram-negative and Gram-positive bacteria and that secrete a wide range of substrates, from single proteins to protein-protein and protein-DNA complexes. These systems are exemplified by the Agrobacterium tumefaciens VirB/D system (see the figure) . See main text for further details.
Type V secretion
Type V secretion systems (T5SSs) include autotransporters and two-partner secretion systems. T5SSs translocate substrates in two steps 123 . Autotransporter proteins, such as NalP from Neisseria meningitidis (see the figure), are multidomain proteins that are secreted as precursor proteins across the inner membrane in a Sec-dependent process. Subsequently, the translocator domain of the protein inserts into the outer membrane and facilitates surface localization of the passenger domain. In two-partner secretion systems, a separate translocator protein (TpsB; see the figure) mediates the secretion of the effector protein (TpsA) through the outer membrane. Over 700 proteins with functions that include auto-aggregation, adherence, invasion, cytotoxicity, serum resistance, cell-to-cell spread and proteolysis use these two secretion systems to cross both inner and outer membranes during a simple two-step process 124, 125 .
Type Vi secretion
Type VI secretion systems (T6SSs; not shown in the figure) are recently discovered secretion systems that are found in several pathogens such as P. aeruginosa, enteroaggregative E. coli, S. Typhimurium, Vibrio cholerae and Yersinia pestis. T6SSs are multi-component systems that could be composed of 12 to 25 subunits. So far, little is known about their architecture and function (for reviews, see REFS 126, 127 unknown; VirB9 in complex with the short lipoprotein VirB7 could be part of this structure. However, no transmembrane region has been found or is predicted in either protein. The function of VirB1 and VirB3 in this complex is also unclear. The lack of knowledge concerning the assembly, shape and structure of this complex multiprotein machine has spurred a major effort to characterize the three-dimensional structure of T4SSs. Indeed, the crystallization of the first T4SS component, the H. pylori VirB11 homologue, 10 years ago ushered in a new phase in type IV secretion (T4S) research, which has recently gained momentum with the first structural characterization of a large T4SS assembly, the core complex of the T4SS that is encoded by the conjugation plasmid pKm101. In this review, we describe the successes of T4SS structural biology research over the past decade and discuss the insights that have been gained from these efforts.
The cytoplasmic ATPases
T4SSs usually have three dedicated ATPases that form the power units of the secretion machinery. In A. tumefaciens, these ATPases are named VirD4, VirB11 and VirB4. All three are essential for secretion, and VirB11 and VirB4 are also required for biogenesis of the T4S pilus (which is known as the T-pilus in A. tumefaciens).
VirD4 coupling protein.
Proteins related to VirD4 are ubiquitous members of the conjugative T4SSs that are found in Gram-negative and Gram-positive bacteria. These proteins are termed coupling proteins (CPs) or substrate receptors because their fundamental function is to recruit substrates to the T4SS for secretion through the translocation channel. CPs interact directly with T4SS substrates, presumably through binding secretion signal sequences, and mediate the transfer of these substrates to specific subunits of the secretion channel 14 . Some effector translocation systems, such as the T4SSs of B. pertussis or Brucella spp., use a CP-independent mechanism for substrate recruitment and secretion [15] [16] [17] . In these cases, translocation across the inner membrane is mediated either by another receptor that bears little or no sequence similarity to the CPs or by the general secretory pathway. In this pathway, the substrate is delivered to the periplasm by the SecYeG machinery, where it then engages with the T4S machine for translocation across the outer membrane.
CPs contain Walker A and B motifs, which are essential for nucleotide binding and hydrolysis [18] [19] [20] . mutations in these motifs abolish translocation, indicating that nucleotide binding and hydrolysis are essential for the secretion process. ATPase activity has been reported for TrwB, the CP encoded by the E. coli Incw plasmid r388, and enzymatic activity is stimulated by single-and double-stranded DNA [19] [20] [21] [22] [23] . CPs are tethered to the inner membrane by an amino-terminal membrane anchor sequence. For TrwB, this membrane anchor is required for oligomerization 19, 21, 24 . The X-ray structure of the soluble, ~50 kDa cytoplasmic domain of TrwB revealed a globular hexameric assembly in which each subunit has the shape of an orange segment and is composed of two distinct domains 18 (FIG. 2a) : an all-α-domain that faces the cytoplasm and a nucleotide-binding domain that is linked to the inner membrane by the N-terminal membrane anchor. The all-α-domain contains seven helices and the nucleotide-binding domain is composed of a central twisted β-sheet flanked by several helices on both sides. The six TrwB protomers assemble to form a globular ring that is ~110 Å in diameter and 90 Å in height, with a ~20 Å-wide channel in the centre. This channel forms an 8 Å-wide constriction at the cytoplasmic pole of the molecule. Binding pockets at the interface between the subunits form the nucleotide-binding sites. TrwB undergoes conformational changes in the central channel on substrate binding and hydrolysis 25 , suggesting that CPs might act as motor proteins during secretion. VirB7-VirB9 VirB8 V irB5
VirB11. VirB11 belongs to a family of ATPases termed 'traffic ATPases' , which are associated with Gramnegative bacterial type II, type III, type IV and type VI secretion systems 14, [26] [27] [28] . VirB11-like ATPases are peripheral inner membrane proteins that might be in a dynamic and regulated equilibrium between the cytoplasm and the membrane 29, 30 . Although VirB11 proteins display ATPase activity on their own, this activity can be stimulated by their interaction with membrane lipids, suggesting that their association with the membrane is biologically relevant 31, 32 . electron microscopy visualization of VirB11 homologues showed hexameric rings of ~100-120 Å in diameter 29, 31 . The crystal structure of the ADP-bound VirB11 homologue of the H. pylori Cag T4SS, HP0525, revealed that each monomer consists of two domains formed by the N-and carboxy-terminal halves of the protein 33,34 (FIG. 2a) . The nucleotide-binding site is at the interface between the two domains. In the hexamer, the N-and C-terminal domains (NTD and CTD) form two separate rings that define a chamber of ~50 Å in diameter, which is open on the NTD side and closed on the CTD side. The CTD adopts a recA-like fold, and the NTD fold is unique to HP5025. recently, the structure of B. suis VirB11 was determined 35 . The B. suis VirB11 monomer differs dramatically from that of HP0525 owing to a large domain swap that is caused by the insertion of additional sequences into the linker sequence between the NTD and the CTD. The overall assembly of the VirB11 hexamer remains similar to that of HP5025, but the domain organization markedly modifies the nucleotide-binding site and the interface between subunits 35 . Based on sequence comparisons, it is likely that most VirB11 homologues display a B. suis VirB11-like architecture. The importance of this domain swap is unclear.
Biochemical and structural studies have provided a detailed view of the dynamics of VirB11 (REF. 33 ). In the absence of nucleotide, the CTD ring remains unchanged and maintains the subunit-subunit contacts in the hexameric structure, whereas the NTDs are flexible and display various rigid-body conformations that render the NTD ring asymmetric. The binding of three ATP molecules induces a movement of three NTDs into a rigid conformation, and the concomitant hydrolysis of these ATP molecules and binding of three other molecules in the nucleotide-free subunits locks the hexamer into a compact and symmetrical structure. when all the nucleotides are hydrolysed and released, the structure is relaxed and the VirB11 hexamer returns to its nucleotide-free state. ); the nuclear magnetic resonance spectroscopy structure of the C-terminal domain of the VirB9 homologue TraO (in blue, with the β-appendage in red), which is encoded by the E. coli pKM101 conjugative plasmid, in complex with the VirB7 homologue TraN 57 (in cyan); the crystal structure of the periplasmic C-terminal domain of VirB8 from Brucella suis and Agrobacterium tumefaciens 55, 66 ; and the crystal structure of the VirB5 homologue TraC, which is encoded by the E. coli conjugative plasmid pKM101 (REF. 102 ). CTD, carboxy-terminal domain; NTD, amino-terminal domain; TMS, transmembrane segment. VirB4. VirB4 proteins are associated with conjugative T4SSs in both Gram-positive and Gram-negative bacteria 1, 14 . The VirB4 homologues contain conserved walker A and B motifs, which are essential for the secretion process [36] [37] [38] [39] [40] . The ATPase activity of purified VirB4-like proteins has been difficult to demonstrate in vitro, although there are two reports of such activities, namely for A. tumefaciens VirB4 and for TrwK of E. coli, encoded by plasmid r388 (REFS 40, 41) .
Differences have been reported in the subcellular localization and oligomeric state of the few characterized VirB4 proteins. VirB4 homologues have from zero to four predicted transmembrane segments (TmSs) 26, 40, 42, 43 . In A. tumefaciens, VirB4 associates tightly with the inner membrane, and experimental evidence suggests that one or two domains are embedded into or protrude across the membrane 38 . By contrast, TrwK is soluble. The oligomeric state of the biologically active form of VirB4 has not been established. A. tumefaciens VirB4 forms homodimers, but the dimer might represent a building block for the assembly of higher-order complexes 43, 44 . E. coli TrwK is predominantly purified as a monomer, but the catalytically active form seems to assemble as higher-order complexes that are thought to correspond to homohexamers 39, 40 . The oligomeric state of VirB4 proteins might vary depending on membrane association, ATP binding or hydrolysis, and interactions with other T4S machine subunits.
Biochemical and functional interactions. In A. tumefaciens, all three ATPases -VirD4, VirB4 and VirB11 -interact with each other [45] [46] [47] [48] [49] (FIG. 3) . Therefore, they are likely to form a large ATPase complex that energizes substrate transport through the translocation machinery. The architecture of this complex and the contributions of each ATPase to secretion or pilus biogenesis are still unclear.VirB10 interacts directly with VirB4 and VirD4 (REFS 46, (48) (49) (50) (51) . The VirB10-VirD4 interaction involves domains near the N-terminal regions of both proteins that reside within or near the inner membrane [50] [51] [52] .
The translocation pore complex Defining the architecture of the T4S channel has been an area of intensive investigation. A recent breakthrough showed that a double-membrane-spanning, 1 mDa channel complex can be assembled from homologues of the A. tumefaciens VirB7, VirB9 and VirB10 proteins 53 .
The VirB7-VirB9-VirB10 core complex. The T4S core complex, encoded by the conjugative plasmid pKm101, is composed of 14 copies each of the VirB7, VirB9 and VirB10 homologue proteins 53 . The structure of the complex was determined at 15 Å resolution using cryoelectron microscopy; it is a cylindrical structure of 185 Å in diameter and 185 Å in length that is composed of two layers termed I and o layers that are linked by thin stretches of electron density (FIG. 4) . each layer forms a double-walled, ring-like structure that defines a hollow chamber inside the complex. The I layer is composed of the N-terminal domains of the VirB9 and VirB10 homologues and is anchored in the inner membrane, resembling a cup that is opened at the base by a 55 Å diameter hole. The o layer consists of a main body and a narrower cap on the outermost side of the complex. It is inserted in the outer membrane and is composed of the VirB7 homologue and the CTDs of the VirB9 and VirB10 homologues (FIG. 4) . A narrow hole in the cap allows communication between the chamber in the o layer and the extracellular milieu; however, this opening (10 Å in diameter) is too small to let substrates out.
VirB10 is a bitopic membrane protein that is inserted in the bacterial inner membrane 52, 54 . It consists of a short N-terminal cytoplasmic region, a single TmS 54 , a proline-rich region and a large C-terminal periplasmic domain. This domain consists of an altered β-barrel flanked by a helix lying on its side (the α1 helix) and a flexible helix-turn-helix antenna of 70 Å in length that projects away from the β-barrel 55 (FIG. 2b) . A recent mutational analysis showed that the antenna projection and the α1 helix can be removed without affecting core complex assembly or secretion efficiency, but it does severely affect T-pilus biogenesis. The prolinerich region is essential for core complex assembly and substrate secretion 52 . VirB7 and VirB9 contain signal peptides that target them to the periplasm. VirB7 is a small lipoprotein that is inserted in the outer membrane and interacts with and stabilizes VirB9; in A. tumefaciens, a disulphide bridge is formed between the two proteins. VirB9 consists of two domains linked by a flexible linker of ~50 amino acids 56, 57 .
In the VirB7-VirB9-VirB10 complex, the CTD of VirB9 is part of the structure that forms the outer membrane pore. However, it can be produced as a soluble complex with VirB7, the structure of which has been solved by nuclear magnetic resonance spectroscopy: in solution, the VirB9 C-terminal domain adopts a β-sandwich fold, around which VirB7 winds 57 (FIG. 2b) .
The VirB10 CTD crystal structure could be fitted into the electron density of the external wall of the main body of the o layer, with its N terminus directed towards the I layer (FIG. 4) . In this location, VirB10 would form a scaffold, bridging the inner membrane and the outer membrane components of the core complex 58 . By contrast, the structure of the VirB9 CTD in solution could not be fitted into the electron density. The VirB9 C-terminal domain structure displays a protruding, three-stranded β-appendage opposite the VirB9-VirB7 interface (shown in red in FIG. 2b) . This β-appendage loosely associates with the VirB9 β-sandwich core structure, and biochemical data have shown that the equivalent region in A. tumefaciens is exposed on the cell surface. Therefore, the region of VirB9 that is most likely to be inserted in the outer membrane is the β-appendage. This region can indeed undergo a large conformational change to protrude out of the cell 57 , similarly to the prestem β-appendage of α-haemolysin, which in the presence of a lipid bilayer undergoes a large conformational change that leads to its projection through the outer membrane and its heptamerization to form a 14-strand β-barrel 59, 60 .
Where do VirB6 and VirB8 fit? The I layer of the T4S complex, which is composed of the NTDs of VirB9 and VirB10, is inserted in the inner membrane by the VirB10 N-terminal TmS. However, it is unlikely that the 14 VirB10 TmSs would be sufficient to form the inner membrane pore. Among the T4SS subunits, VirB6 and VirB8 are better candidates to form this pore as, unlike VirB10, they directly contact the substrate during secretion in A. tumefaciens 61 (FIG. 5) . 
Type IV pilus
An elongated, flexible appendage that extends from the surface of Gram-negative bacterial cells and is used for adhesion and for cell motility (twitching motility).
F-pilus
The pilus formed by the T4SS that is encoded by the F plasmid.
The VirB8 subunit is a bitopic inner membrane protein that is composed of an N-terminal TmS and a large periplasmic CTD 54, 55, 62 . This protein is thought to function in the nucleation of the T4SS channel [63] [64] [65] and in pilus biogenesis 44 . VirB8 also participates directly in substrate secretion 61 . The crystal structures of the periplasmic domains of B. suis and A. tumefaciens VirB8 (REFS 55,66) display similar globular structures that comprise an extended β-sheet flanked by five α-helices 55, 66 (FIG. 2b) .
VirB6 is a polytopic inner membrane protein that is essential for substrate secretion through the inner membrane 61 . H. pylori ComB6 and A. tumefaciens VirB6 have a similar structure, with a periplasmic N terminus, five TmSs and a cytoplasmic CTD 67, 68 . Both proteins also have a central region composed of a large periplasmic loop (the P2 loop), which in A. tumefaciens mediates the interaction between VirB6 and the substrate, T-DNA (FIG. 5) . The other regions of the proteins are essential for substrate transfer from VirB6 to VirB8 in the periplasm or to VirB2 and VirB9 at the outer membrane 68 . These data indicate that VirB6 is probably a central component of the inner membrane channel.
VirB6 and VirB8 interact with the outer membrane components VirB7 and VirB9 (REFS 63, (69) (70) (71) (72) (FIG. 3) . Surprisingly, no physical interaction has been observed between VirB6 and VirB8, even though these proteins seem to interact functionally (see below). VirB8 has also been shown to interact with VirB1, VirB4, VirB5 and VirB11 (REFS 44, 45, 48, 73, 74) (FIG. 3) . on the basis of the VirB protein interaction network that has been discovered so far, it is tempting to propose that the minimal T4SS inner membrane pore consists of VirB4, VirB6 and VirB8, each docked in the 55 Å opening at the base of the VirB7-VirB9-VirB10 core complex.
VirB1 and VirB3: orphan proteins?
The evidence suggests that VirB1 and possibly VirB3 are not part of the secretion apparatus itself but instead contribute in distinct ways to the formation of the T4S machine. VirB1 is a periplasmic protein 75 that harbours a lysozyme-like structural fold 76 . It belongs to a large superfamily of proteins that are associated with bacterial surface structures, such as type II and type III secretion systems, type IV pili (not to be confused with T4S pili), DNA uptake systems, flagella and bacteriophage entry systems. In all of these systems, associated lytic transglycosylase subunits are proposed to punch holes in the peptidoglycan cell wall to allow the assembly of the surface structures. Deletion of virB1 reduces but does not abolish secretion in A. tumefaciens; however, it does abolish T-pilus biogenesis [77] [78] [79] [80] . VirB1 is proteolytically processed into two halves, each of which contributes to T4SS assembly or function 81 . The NTD of VirB1, which carries the muraminidase activity, resides in the periplasm, where it presumably degrades peptidoglycans. The CTD, known as VirB1*, is secreted into the extracellular milieu 81 and might promote T-pilus biogenesis 82 . VirB3 is a small protein that is predicted to contain one or two TmSs near its N terminus. The localization of VirB3 is unclear, with reports placing it in either the inner or the outer membrane 2, 41, 83, 84 . Interestingly, chimeric VirB3-VirB4 proteins have been identified in several T4SSs, including the Campylobacter jejuni T4SS 85 . These observations suggest that VirB3 might reside in the inner membrane and form a functional complex with VirB4 (REF. 14). The exact contribution of VirB3 to channel or T-pilus assembly is not known.
The pilus and other T4SS surface structures most T4SS gene clusters in Gram-negative bacteria encode a small protein that bears discernible sequence similarity to the TraA pilin (encoded by the E. coli F plasmid) and the VirB2 pilin of A. tumefaciens. In these systems, T4SS pilin expression is essential for secretion 86, 87 . Pili might help to establish a stable and specific contact between donor and target cells. In addition, they might serve as channels for the passage of T4S substrates between donor and recipient or host cells. whether the T4S substrate passes through the hollow lumen of the T4S pilus remains controversial. Nevertheless, recent observations have shown that DNA can be transferred between cells that are not in direct contact during conjugation 88 and that DNA can be detected within the F-pilus 89 . Furthermore, in H. pylori, CagA (a T4SS substrate) can be found at the tip of pili 90 . However, it is interesting to note that pilus production and substrate secretion in some T4SSs are clearly distinct events. mutations in the pilin subunit 91 or in several T4SS components (VirB6, VirB9 and VirB11 in A. tumefaciens 56, 68, 92 ) abolish the production of detectable amounts of pilus without affecting substrate translocation. Isolation of these 'uncoupling' mutations established that assembly of wild-type T-pili is not required for secretion. T4SS pilins. All T4SS pilins that have been characterized undergo several processing reactions during maturation. The pro-pilins are first targeted to the inner membrane by an unusually long (~30-50 amino acid residue) signal peptide that is cleaved by a dedicated protease [93] [94] [95] . Additional maturation steps depend on the type of pilin and can be separated into two classes. most F-like pilins (also known as IncF-like pilins; subunits of the conjugative pili that are produced by the IncF, IncH, IncT and IncJ systems) are acetylated at the N terminus and inserted in the inner membrane 96 . By contrast, the P-like (also known as IncP-like) conjugative pilins, exemplified by TrbC from the IncP plasmid rP4 and VirB2 from A. tumefaciens, are proteolytically processed at one or both of their termini and then the N and C termini are covalently joined in a head-to-tail cyclization reaction. In E. coli, the rP4-encoded TraF protein catalyses the cyclization of TrbC, whereas in A. tumefaciens an unidentified chromosome-encoded protein seems to be responsible for VirB2 cyclization. Pilin homologues or orthologues in other T4SSs, including pertussis toxin liberation protein A (PtlA) of the B. pertussis Ptl T4SS and the VirB2s of the Brucella spp. VirB systems, might also undergo similar processing reactions before insertion into the inner membrane 97, 98 . In A. tumefaciens, VirB5 is a minor T-pilus component [99] [100] [101] . Homologues of VirB5 are found in many conjugative and effector translocation T4SSs. The crystal structure of the VirB5 homologue TraC, which is encoded by the E. coli pKm101 conjugative plasmid, comprises an elongated three-helix bundle flanked by a smaller globular region 102 (FIG. 2b) . mutational studies of the structure of TraC suggest that it is an adhesin 102 ; this is supported by the finding that in A. tumefaciens VirB5 localizes at the tip of the T-pilus 103 . Also, in H. pylori, Cagl, a potential VirB5 homologue, might function as an adhesin 90, 104 .
Pilus morphology and structure. The conjugative pili have been classified into two main groups on the basis of morphology. F-like pili are long (2-20 μm), flexible appendages with a diameter of 8-9 nm. P-like pili are short (<1 μm), rigid rods with a diameter of 8-12 nm 2, 105 . The A. tumefaciens T-pilus has a diameter of 10 nm but is flexible and variable in length 97 . In addition to harbouring a VirB2-like pilin, which presumably assembles pili 106 , H. pylori harbours 100-200 nm long, sheathed appendages composed of a large variant of VirB10, known as HP0527 (REFS 107, 108) .
The structure of the F-pilus was recently examined using cryo-electron microscopy and single particle methods 109 . The tubular structure has a central lumen of ~30 Å and a diameter of ~85 Å. Two different subunit packing arrangements were observed: a stack of pilin rings of C4 symmetry and a one-start helical symmetry with an axial rise of ~3.5 Å per subunit and a pitch of ~12.2 Å. These two packing arrangements seem to coexist in the pilus structure. The lumen diameter is large enough to accommodate single-stranded DNA but not sufficiently large to afford passage of the F-pilus conjugative transfer relaxase TraI, which is covalently attached to the DNA and has a molecular mass of ~200 kDa. unless it is unfolded, it is unlikely that TraI would translocate through the pilus lumen.
Mechanism of T4SS assembly
Taking into account subunit topologies and structures as well as the network of subunit-subunit interactions, it is possible to propose a model for the assembly of a functional VirB/D T4S apparatus. we propose that first, VirB7, VirB9 and VirB10 assemble to form a stable core complex that spans the cell envelope. Subsequently, VirB6 and VirB8 and then the ATPase complex -VirB4 (possibly bound to VirB3), VirB11 and VirD4 -dock onto the core complex to complete the translocation channel at the inner membrane. The VirB2 and VirB5 pilus subunits are then recruited to build either the distal portion of the secretion channel or the T-pilus (FIG. 6) .
A combination of ultrastructural and biochemical data support this proposed assembly pathway. on the basis of observed stabilizing interactions 86 , it has been suggested that channel assembly initiates with formation of the core complex across the cell envelope. Comprising VirB7, VirB9 and VirB10, this core complex assembles spontaneously, without energy requirements 52, 53 . Although VirB7 lipidation is essential for secretion 110 , it is not required for core complex assembly 53 . VirB7 lipidation is important for the correct insertion of the core complex into the outer membrane 53 . As noted above, VirB6 and VirB8 interact functionally and physically with VirB7 and VirB9 and probably also with VirB10 (FIG. 3) . Interestingly, however, when VirB8 is expressed with VirB7, VirB9 and VirB10, it is not recruited to the core complex 53 . VirB6 and VirB4 might therefore be necessary for the stabilization of VirB8 and its incorporation into the core complex 44 . To complete its assembly, the translocation pore would then recruit VirB2 and VirB5 (REF. 44 ).
The assembly of the translocation pore across the cell envelope is likely to be a concerted process that is regulated spatially and temporally by as-yet-unknown proteins or lipids that mediate the assembly process at specific sites in the cell envelope 111 . The A. tumefaciens VirB/D system, for example, assembles at cell poles, and VirB8 is implicated in directing machine assembly at these sites 58 . VirB8 might therefore coordinate the spatial positioning of the VirB7-VirB9-VirB10 core complex as an additional early step in the morphogenetic pathway.
The T4S apparatus is generally depicted as a protein complex that is used for substrate secretion and T4S pilus biogenesis. However, accumulating evidence supports the idea of a bifurcation in T4SS assembly once the translocation pore has been assembled 14 . evidence favouring this late-stage bifurcation includes the findings that VirD4 is dispensable for pilus biogenesis but required for substrate secretion 77, 107 . By contrast, VirB1 is exclusively required for T-pilus biogenesis but not secretion channel formation 79, 82 . Finally, as noted above, mutations in conjugative pilin subunits or other T4SS components block T-pilus assembly but allow wild-type levels of substrate transfer. The sequence of events leading to the assembly of the T-pilus is still fundamentally unknown 44, 82 . However, it is important to note that, even if pilus formation is not necessary for secretion to occur, association of VirB2 and VirB5 with the translocation pore is required (see below).
Mechanism of substrate translocation
Seminal insights into the substrate translocation pathway through the A. tumefaciens VirB/D T4SS have been obtained recently 61 . It was shown that the T-DNA makes sequential contacts with VirD4, VirB11, VirB6, VirB8, VirB9 and then VirB2 (FIG. 5) . The other components of the T4SS do not interact with the T-DNA but are essential for substrate transfer at different steps.
VirD4 is the first component to contact the substrate; this is consistent with its role as the substrate receptor at the gate of the secretion apparatus. Neither ATP hydrolysis nor other T4SS components are required for VirD4 to interact with its substrate 49, 112 . VirD4 transfers the substrate to VirB11. This transfer could not be detected when VirB7 was deleted, highlighting the essential role of this lipoprotein in mediating the formation of the core complex early during machine assembly. mutations in the walker A motifs in VirD4 and VirB11do not affect this substrate translocation step, suggesting that the delivery of substrate from VirD4 to VirB11 does not require energy 49 . VirB11 delivers the T-DNA substrate to the inner membrane subunits VirB6 and VirB8. These proteins seem to function together, as deletion of each one blocks substrate translocation 49, 61 . Presumably, this step reflects the Figure 6 | Schematic of the assembly and function of a type iV secretion system. a | The translocation pore consists of the core complex proteins VirB7, VirB9 and VirB10, the inner-membrane pore proteins VirB6 and VirB8, VirB4, the pilus-associated proteins VirB2, VirB3 and VirB5, and possibly VirB1. b | Depending on unidentified stimuli, the complex could further assemble to secrete a substrate, by the addition of VirD4 and VirB11. Arrows around VirB10 indicate potential conformational changes linked to ATP-binding and hydrolysis by cytoplasmic-inner membrane ATPases. c | Alternatively, the complex could assemble a pilus with the addition of VirB11.
passage of the substrate through the VirB6-VirB8-VirB10 inner membrane channel complex. each of the T4SS ATPases, VirB4, VirB11 and VirD4, must be present and catalytically active for substrate transfer from VirB11 to the presumptive inner membrane channel complex to occur.
Finally, the substrate is transferred across the periplasm to the outer membrane-associated proteins VirB2 and VirB9. VirB3, VirB5 and VirB10 are essential for this process, although the exact roles of VirB3 and VirB5 are unknown. As noted above, VirB10 is a structural scaffold that bridges the inner and outer membrane assemblies 52, 53 . In addition, VirB10 senses ATP hydrolysis by VirB11 and VirD4 at the inner membrane and, in turn, undergoes a conformational change that is necessary for substrate transfer across the periplasm to VirB2 and VirB9, perhaps by opening the outer membrane cap of the core complex. The substrate might cross the periplasm through a filament composed of the VirB2 pilin, which is assembled within the chamber of the VirB7-VirB9-VirB10 core. Alternatively, the substrate might pass through the core complex and interact with the pilin at the outer face of the outer membrane.
Conclusions and future directions recent progress in elucidating the structural biology of T4SSs has provided the first glimpse of the inner shell of these complex multiprotein machines 53 . This core complex is likely to be the scaffold around which the other T4SS components organize. once the innerouter membrane channel is completed by the addition of VirB6 and VirB8, further build-up of the machinery may follow two distinct but not necessarily mutually exclusive routes: one leading to pilus biogenesis and another leading to secretion. A formidable challenge for the years to come will be to characterize the structures of these complexes.
The role of the ATPases in T4SSs also remains to be clarified. VirD4 clearly acts as a receptor, bringing substrates to the translocation apparatus. VirD4 might also act as a molecular motor to deliver the substrate through the system. VirB11 and VirB4 are needed for substrate transfer across the inner membrane, probably functioning in a coordinated manner with VirD4. However, both VirB ATPases, but not VirD4, are essential for the assembly of the T4S pilus. How the VirB ATPases coordinate their activities with VirD4 to mediate substrate transfer and function independently of VirD4 to direct pilus assembly is fundamentally unknown. It is also noteworthy that a few T4SSs in Gram-negative bacteria and nearly all T4SSs in Gram-positive bacteria lack VirB11 homologues, whereas VirB4 is almost invariably a signature subunit of T4SSs in all species. Therefore, VirB4 is likely to have a fundamental role in powering the assembly or function of the T4SS. Further investigations will need to clarify how the ATPases not only contribute to the assembly of the secretion channel and the conjugative pilus, but also interact with and move substrates through the channel.
Finally, the role and function of the pilus itself remain unresolved. Does the pilus serve as an attachment device, as a conduit for substrates or as both? If, as envisaged above, two types of T4S complex are formed, one dedicated to secretion and the other to pilus biogenesis, then they might be able to transition from one to the other: transition from a pilus biogenesis-competent assembly to one that is secretion competent would only require depolymerization of the pilus. Such an activity has been shown in the F-plasmid system 2, 113 . In other secretion systems, notably type II secretion systems, cycles of polymerization and depolymerization are thought to be crucial for substrate secretion 114 . whether the pilin has a similarly active role in secretion remains to be shown, but at this stage this possibility cannot be excluded. 
